The paper describes the philosophy behind the design of a pulse processing system used in a semiconductor detector x-ray spectrometer to be used for plasma diagnostics at the Princeton TFTR facility. This application presents the unusual problems of very high counting rates and a high-energy neutron background while still requiring excellent resolution. To meet these requirements three specific new advances are included in the design:
(i) A symmetrical triangular pulse shape is employed in the main pulse-processing channel. A new simple method of generating a close approximation to the symmetrical triangle has been developed.
(ii) To cope with the very wide dynamic range of signals while maintaining a constant fast resolving time, approximately symmetrical triangular pulse shaping is also used in the fast pulse pile-up inspection channel.
(iii) The demand for high throughput has resulted in a re-examination of the operation of pile-up rejectors and pulse stretchers. As a result a technique has been developed that, for a given total pulse shaping time, permits approximately a 40% increase in throughput in the system. Performance results obtained using the new techniques are presented.
INTRODUCTION
High temperature plasmas such as that to be produced in the Princeton Tokamak Fusion Test Reactor (TFTR) emit considerable black body radiation in the x-ray energy range up to several tens of kilovolts. In experiments with the reactor, measurement of the x-ray flux will be an important tool in measuring the plasma temperature and in detecting the presence of impurities by observation of their characteristic x-ray lines. Furthermore, such experiments must measure the spatial and temporal variations of these parameters.
To observe the spatial distribution of x-rays, long collimators are provided to permit a total of 36 x-ray detectors to be exposed to different regions in the plasma. Six of the detectors are germanium to provide good absorption characteristics for x-rays of energies up to 50 keV; the remainder are silicon to adequately cover the lower x-ray energy range. Since temporal variations during the plasma pulse must be observed on a millisecond time scale, the solid angle of the detectors observing the plasma must be large enough to give counting rates adequate for statistically meaningful spectra to be accumulated on a time scale of a few milliseconds. The combination of very high counting rates and the excellent energy resolution required to observe and separate impurity spectral lines presents very difficult design problems in semiconductor detector spectrometers. Moreover, we note at the outset that the final usefulness of the technique demands that a high rate of analyzable pulses be passed by the signal processing system--rejection of events must be minimized and a high throughput is essential.
Since the whole purpose of TFTR is to produce thermonuclear reactions, significant production of 14 MeV neutrons must be anticipated. The estimated maximum flux of such neutrons through the detectors is -5000/sec; they interact by colliding with silicon (or germanium) nuclei resulting in signals ranging up to a few MeV. The signal processing system must cope with these large signals and recover very quickly to process the x-ray signals in the energy range from 1 keV to 50 keV.
Another significant aspect of work at TFTR is the pulsing of very intense magnetic and electric fields in near proximity to the sensitive detection systems. This demands extreme care in the grounding and in the design of the pulse processing system. The spectrometer system designed for this application consists of modules of six detectors (one germanium and five silicon) mounted in a close-packed circular cluster.
Associated with each group of 6 detectors is the cryostat, preamplifier and electronic distribution box. Figure 1 shows a photograph of a six-detector system. Electrical connections from this unit are taken via a copper conduit to the instrument racks located about 20 feet away from the detector system. Great care is taken to maintain a single-point ground for each detector set. The instrument racks contain power supplies, pulse processing electronics and ADCs. Photograph of plasma diagnostics x-ray system containing five silicon and one germanium detector. The main purpose of this paper is to discuss the philosophy of the design of the pulse processing electronics used in this system. However, a key part of the overall system is the front-end including the detector, FET and preamplifier, and a few words will be devoted here to these items. The detectors used here have active regions 4.3 mm in diameter and are 3.3 mm thick. A cross-sectional view of one detector is shown in Figure 2 . As indicated earlier, one detector in each system is germanium; the remaining five are silicon. The x-rays are collimated to a region 3.3 mm in diameter in the center of the detector; this is done to avoid the detector background that would occur if substantial charge collection occurred in surface layers1. The FETs used in these systems are selected units of the 2N4416 general class and they are decanned and mounted in a special low-loss package. Transistor reset2 is employed to restore charge on the feedback capacitor; this is preferred over pulsed-light reset in this application because the inter-channel feedthrough produced by resets is very much improved using this method. Pulsed-light feedback suffers from serious interchannel feedthrough in multi-detector systems such as this. Figure 3a shows a photograph of the small package that provides an integrated mount for detector, FET and reset transistor. Blown up views of the component parts are included. Fig. 3b shows the complete assembly of six front ends included in the detector enclosure of Fig. 1 .
The preamplifier is shown in block form in Fig. 4 . The particular features of the preamplifier include:
(i) In addition to the signal output, a ground point obtained from the vicinity of the signal output driver is brought out as an output signal. These two lines are used as balanced inputs to the pulse processor; this feature is provided to make the system less sensitive to electrical noise.
(ii) The input charge-sensitive loop is designed to provide a fast risetime (-20 Therefore, in our application, the problem of optimizing pulse shape is simplified to that of choosing a oulse shape that, for a given total duration gives the best signal/noise ratio when only series (delta) noise is present. We note that the l/f noise component should contribute little in these circumstances and is rather insensitive to the particular choice of pulse shape. The problem is best dealt with analytically using the time-domain method3, and it has been shown4 that the symmetrical triangular pulse shape i's the best in this situation. This result follows directly from the fact that the weighting function of a time invariant pulse shape for delta noise is given by here f(t) is the step response of the system and f}t) is its differential. It is easy to see that Na assumes a minimum value when the absolute value of f'(t) remains constant during the entire pulse width; the symmetrical triangular pulse shape achieves We observe that the output waveform departs from the true symmetrical triangle in two significant respects:
The peak is rounded; this feature increases the parallel (step) noise slightly but is also a necessary feature for good operation of the pulse stretcher used at the output of the system. Since the parallel noise is negligible in this application virtually no loss of performance results. (ii) A slightly rounded tail occurs on the output pulse. This is unfortunate since it increases pulse pile-up effects a little but-it is unavoidable using passive (i.e., As we will see in the next-section, a detailed examination of this process shows that substantial improvements can be made in the common methods of implementing these functions and that these methods reject more pulses than is absolutely required. However, in this section we focus attention on another aspect of this pile-up rejection technique which is particularly important in the plasma diagnostics appl ication.
As indicated earlier, narrow pulses are formed in the "inspection" channel, and the output width of the fast discriminator corresponds to the time that a narrow signal pulse amplitude exceeds the discriminator threshold level. If two signal pulses occur within this "resolving time", the inspection channel cannot recognize them as separate signals, and the slow signal channel is not closed. In the slow processing channel this results in a small number of output pulses whose amplitude is the sum of two (or more) separate signals and the output spectrum contains "sum" peaks. These will be illustrated in the final section of the paper. It is easy to see that this process will distort the thermal black body spectrum seen from hot plasma discharges because some counts that should appear in the intense low energy part of tVe spectrum are shifted into the weak high energy part of the spectrum. Such distortion of the black body radiation spectrum will affect the measurement of the To overcome these problems the pulse shaper shown in the block schematic Fig. 9 known RC integrator is combined with an asymmetrical bipolar delay line pulse shaper to produce an output waveform (see Fig. 7b ) that returns precisely to the baseline at a time equal to the total bipolar pulse width. This condition can be satisfied in many ways but a convenient one is to choose an RC integrator time constant equal to the delay line length (i.e., 1/2 the total pulse width) and to make the amplitude of the second half of the bipolar pulse 1/e times that of the first half. It is simple to show that this produces the desired output pulse; it also results in a waveform that is a reasonably close approximation to a symmetrical triangle which is known to give the best signal/noise ratio where series (delta) noise is dominant (as it always is in the fast channel) and where a maximum pulse width constraint applies.
The behavior of the resolving time of the two types of systems is shown in Fig. 7 On the other hand, the case of Fig. 7b where the amplitude of the second half of the biphase delay line pulse is 1/e of that of the first half gives: TR = ro Ln{e[e -x(e-1)]/[l + x(e-1)]$ (3) In these equations, x is the ratio of the value of the discriminator threshold to the peak output signal amplitude. These relationships are illustrated graphically in Fig. 8 The operation of the fast pulse shaper shown in Fig. 9 is as follows:
The first amplifier stage performs a subtraction operation between the input step function (a) and a delayed version of the input. The resulting output (b) is a single phase rectangular pulse.
(ii) The second stage performs a subtraction between the waveform (b) and a delayed (adjustable amplitude) version of (b) which is delayed by its width. The result is waveform (c).
(iii) The third stage provides an RC integrator whose time constant is equal to the width of pulse (b). The result is waveform (d) which closely approximates a symmetrical triangle.
The first two stages and a third one that vides bias for the first two are standard ECL receivers all contained in a single package. transistors are used in the integrator stage. 
THROUGHPUT CONSIDERATIONS/PILE-UP REJECTION
The requirement to achieve the maximum possible throughput in this system led to a reconsideration of the operation of existing pile-up rejection systems and the development of a new scheme that gives a considerable improvement in throughput.
(2) TD2 = Ti + T2 = TW (5) where TW = total pulse width. of the new fast channel pulse
We will illustrate some of the considerations by using Fig. 10a which shows an initial signal (0) followed by sig'nals at four selected times later. To simplify the diagram, an asymmetrical triangular waveform is shown with a rise time of Ti and a slower fall time of T2. The four cases of second pulses can be described as follows: Case 1. The start of this pulse occurs during the rise of signal 0. It is clear that the peak amplitudes of pulse 0 and 1 are both affected by the pulse interference so both signals must be rejected.
Case 2. The start of this pulse is later than the peak of pulse 0 but the peak of pulse 2 preceeds the end of pulse 0 and its peak amplitude will be subject to interference. Therefore, in this case it is mandatory that the second pulse (2) be rejected while the first pulse (0) is accepted.
Case 3. This case is similar to case 2 but the peak of pulse 3 occurs after pulse 0 is completely finished. An ideal pile-uip rejector would allow processing of both pulse 0 and pulse 3 but existing systems do not permit this. This situation generally results from the fact that the pulse stretcher circuit waits until the tail of the first pulse reaches a low threshold level before permitting the stretching of a normal pulse. 'From this analysis it is clear that any improvement in throughput compared with existing systems depends on devising a pile-up rejector system that accepts pulses in category 3. The effect of such acceptance is substantial. The normal pile-up system rejects both pulses corresponding to case Fig. 11 where throughput curves are presented as a function of input counting rate for the two cases. Experimental points are also given in this graph. We see that the peak output rate is increased by about 35% by using the improved pile-up rejector system. 11 . A plot of output versus input counting rate for a system using conventional pileup rejection and for the new system. A 35% improvement in peak throughput is observed.
The overall block diagram given in Fig. 12 will be used in this discussion of the operation of the pile-up rejection logic. The condition for acceptance of a pulse peak for processing can simply be stated (see Fig. 10 ) as requiring that no earlier pulse peak occurs in the time T2 (i.e. the decay time) preceeding the peak in question. For example, pulse 3 in Fig.  10 just meets this condition.
In Fig. 12 , normal processing (i.e. no pile up) of a signal pulse involves the "Track and Hold" circuit output following the final symmetrical triangular signal waveform until the "Stretch One-Shot" disconnects the "hold" capacitor CH from the signal. The 2 ps "Stretch One-Shot" is triggered by a peak sensing circuit consisting of the differentiator (Cz Rz) and the Zero Crossing Discriminator; these circuits are designed to sense precisely the peak of the final symmetrical triangle so that the hold capacitor CH holds the peak voltage for 2 us. A linear gate on the output of the "Track and Hold" circuit produces a 0.75 ps wide output pulse whose start is delayed by 0.5 us after the peak of the symmetrical triangle.
Rejection of pulses subject to pile up is accomplished by using the pile-up waveform generated by the "Pile-up FF" to close the input gate on the "Stretch One-Shot". The "Pile-up FF" is held in its reset condition by the output line of the "T2 OneShot" until this is triggered by the back edge of a pulse from the fast discriminator. The "T2 One-Shot" is an extending type of one-shot that generates a positive output level for a time T2 (equal to the trailing part of the signal pulses in Fig. 10 ) after each fast discriminator pulse. This enables the "Pile-up FF" to be set by its clock input if a further fast discriminator arrives while the reset input of the "Pile-up FF" is high.
In the bottom part of Fig. 10 , the behavior of the T2 one-shot and pile-up flip-flop outputs is shown for each of the four cases illustrated in Fig. 10a . Figure 10b shows the fast discriminator outputs for the four cases and Fig. 10c shows the output pulses from the peak detector circuit. The behavior shown in Fig. 10 is largely self-explanatory; we note that case 3 represents the marginal case where the second event is just accepted; if signal pulse 3 were slightly delayed, its acceptance would clearly occur. The principal new features of the system have already been discussed but a few remarks should be directed to certain parts of the overall system shown in Fig. 12 because these also contribute significantly to the overall performance. We note that feedback limiters are used on two of the amplifying stages of the main processor, on one of the active integrator stages and on the final output stage. These limiters play an important role in minimizing the system recovery time following the large overload pulses produced by fast neutrons in the detectors. We also note the use of a gated base line restorer that uses the "Width O/S" output waveform as the gating waveform. This reduces the slight offset normally produced in restorers at high rates to a negligible amount.
EXPERIMENTAL RESULTS

A. Energy Resolution
A total of 12 individual spectrometers (i.e., two 6-channel units) using these principles has been produced at the present time. As where rm is the shaping time, the fast channel is more noisy when short shaping times are used. To avoid excessive noise triggering, the fast discriminator threshold must be raised, so pile-up of lowamplitude pulses is not sensed by the inspection channel. Furthermore, since the T2 One-Shot (Fig. 12) is not triggered, the zero-cross discriminator that performs peak sensing is not enabled. Therefore, the fast discriminator threshold also imposes a lower level threshold on all processed signals.
Measurement of the rates of sum peaks when counting at high rates can be used to determine an effective fast channel resolving time. We have carried out such measurements both with purely random pulses and by measuring pile-up effects when a regular (relatively low-rate) pulser is mixed with a random source. Figure 13 shows an example of these results using the 200 ns shaping board (this gives a maximum resolving time of 400 ns). The results shown in Fig. 13 A completely valid test of the performance under these conditions is difficult to devise and several have been used in evaluating the performance. Figure 15 presents an example of one test. In this figure, the left-hand spectrum shows the Mn Ka and KS lines produced by an 55Fe source. The input rate (i.e., fast discriminator triggering) was 100 kHz
The right-hand figure shows performance under the same conditions except that a 9OSr B source was counted at the same time, producing a counting rate of an additional 20 kHz in the detector. As can be seen, virtually no deterioration in the x-ray resolution is observed. While the B spectrum of 90Sr (+90Y) does not duplicate the fast neutron knock-on spectrum in the detector, it does contain events in the correct energy range and the high rate used in this test is thought to give a reasonable approximation to the 5 kHz of neutron events to be encountered in the x-ray diagnostics application. ACK NOWLEDGME NTS
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